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INTRODUCTION 
Ultrasonic spectroscopy has been widely used for characterization of thin layered struc-
tures. Most previous studies [lJ-[12] have dealt mainly with analysis of the ultrasonic reflec-
tion or transmission spectra and the effect of bonding interfaces. More recently the inverse 
problem for interphase layer property determination from ultrasonic measurements has been 
addressed. Kinra and co-authors [6],[9] use normally incident ultrasonic waves for determi-
nation of the longitudinal properties of the layer. In this case the elastic modulus, thickness 
and density are coupled and cannot be simultaneously recovered. The method for simultane-
ous determination of layer thickness, density, longitudinal and shear moduli and wave atten-
uations has been described in [13]. A thin layer between two thick substrates(Fig. la) was 
considered. Experimental data at two angles (normal and one oblique) was used for recon-
struction. 
Bonding of thin plates and foils with thermoset (adhesives) or thermoplastic polymers 
is widely used in industry. A typical example is packaging of food or medical products. Often 
in this application the metal foils have thin thermoplastic coatings and are bonded together 
with formation of a thin polymer interphase. The properties of this bonding layer are im-
pOl·tant characteristics in controlling the process of manufacturing during package sealing. 
Determination of all six properties of a thin polymer layer on a thin metal foil (Fig. Ib) has 
been described in the accompanying paper [18]. The problem of thin bonding layer property 
determination in the foil structure(Fig. lc) is addressed in this paper. We call the structure 
thin when the reflected signals from all layers overlap and their interference must be taken 
into account. The method proposed allows one to determine all the properties of the inter-
phase layer (layer 2 in Fig. lc) - density, thickness, longitudinal and shear moduli and attenu-
ations - using ultrasonic measurements at only two angles: one normal and one oblique. We 
assume the bond between layers perfect, the foil properties known and the interphase layer 
isotropic. 
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Figure 1. Schematic of a) thin layer bonded to thick substrates(semi-infinite substrates), 
b) thin coating on thin substrate, c) thin layer bonded to thin substrates. Shaded layers are 
substrates. V is the velocity of the substrate, T is the pulse length. 
THEORY 
Definition of Six Nondimensional Parameters 
The ultrasonic wave reflection (transmission) from a multila,yered structure can be cal-
culated using a matrix algorithm [14J whose applications to the bonding problem were dis-
cussed in [15, 16, 13J. In the model(Fig. 1c), we assume that the properties of substrates 1 
and 3 are known. The reflection and transmission coefficients depend on six dimensional pa-
rameters of the unknown bonding layer 2: elastic moduli(A + 2jJ-, jJ-), thickness h, density p, 
and longitudinal and shear wave attenuations(oe, Ot): 
A + 2jJ- , jJ-, p, h, 01, Ot. (1) 
To simplify the inversion of the parameters from ultrasonic data, we introduce six nondimen-
sional parameters: 
(2) 
They are defined as normalized impedance ZN = Z2/Zl, nondimensional thickness at normal 
incidence he = woh/Ve, nondimensional thicknesses at oblique incidence hOf = woh cos 0t/Ve 
and hot = woh cos (It/Vt, and longitudinal and shear wave attenuations Of = k'j/ k~, and 
Ot = k~' / k~, where Z1 , Z2 are impedances of the substrate 1 and the unknown layer 2, V, = 
[( A + 2jJ-) / pJ 1/2, Vt = [jJ-/ pJ 1/2 are longitudinal and shear wave velocities in the unknown layer, 
Of,Ot are corresponding propagation angles, and Wo = 1 MHz. 
All six nondimensional parameters (2) can be found from two measurements: one at 
normal and the other at oblique incidence by the inversion algorithm deBcribed in the next 
section. Four nondimensional parameters from the set (2) (ZN, hf, hOf' hot) fully define four 
dimensional parameters from the set (1): 
(3) 
h Vh2 - h? 
-Z Z~ f h- f Of 
P - N 1 0 J-2 -2' , - ~owo ' 
hf - hOf 
(4) 
where ~o = sin Oo/Vo, and 00 , Vo are propagation angle and wave velocity in water. Instead of 
the elastic moduli, the longitudinal and shear wave velocities, Ve and Vt, can be used. They 
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are related to the nondimensional parameters by 
Inversion algorithm 
~ v. _ Vhf - hoI. 
t- t h ' 
.,,0 I 
(5) 
As discussed in [13], the reflection spectrum at nOlmal incidence is fully defined by 
three nondimensional parameters: ZN, hi and attenuation aI, which can be determined from 
experimental data by inversion. ZN and hi are functions of three dimensional parameters: 
>. + 2p" h and p. Two of them can be determined only if the third is known: this is the main 
limitation of using only normal incidence measurements for la,yer characterization. To deter-
mine all layer properties (1) oblique incidence measurements are also required. It was pro-
posed in [13] to use measurements of both normal and oblique incidence reflection (trans-
mission) spectra for determining six layer properties (1) with no prior knowledge. For the 
nondimensional set of parameters (2) the problem is factOllzed (decomposed) and a two-step 
algorithm for detelmination of the adhesive layer properties in a three-dimensional space of 
parameters can be used. First, we determine three nondimensional parameters: ZN, hi and 
ai, from reflection (transmission) spectra at normal incidence. Next, considering ZN, hi and 
at as known, three more nondimensional parameters hOi, hot, at are determined from oblique 
incidence data (reflection or transmission) . The corresponding dimensional parameters (1) 
are calculated using equations (3)-(4). 
For inversion we employ the least squares method for the minimization of the sum of 
squared deviations between experimental and calculated reflection (transmission) coefficients 
considering nondimensional parameters (2) as variables in a multidimensional space: 
(6) 
Here Xi are nondimensional parameters (2), n = 3 is the number of parameters to be found, 
m is the number of data points at different frequencies, and Re and RC are the experimental 
and calculated reflection (transmission) coefficients, respectively. 
SENSITIVITY OF THE REFLECTION COEFFICIENT TO THE LAYER PROPERTIES 
In general, the inverse problem is well-posed if its solution (a) exists, (b) is unique, and 
(c) is stable, i.e., to small changes of experimental data (input) correspond small changes of 
the solution (output). If the solution does not satisfy these conditions, the problem is called 
ill-posed and its treatment requires special methods. The main focus of the further discus-
sion is a) to find the fr'equency range in which the ultrasonic reflection (transmission) sig-
nal is most sensitive to the interphase la,yer properties and b) to demonstrate that in that 
frequency range the layer properties can be found using the proposed algorithm from the 
measured spectra at normal incidence and one oblique incidence angle. We take a pragmatic 
approach. We consider the inverse solution unique if the least-squares minimization con-
verges, whatever the initial guess, to the same solution. We consider the solution stable if 
it is weakly dependent on random scatter of the experimental data. Another stability con-
sideration is reflection (transmission) coefficient sensitivity to a parameter p of the layer. Let 
us assume explicit dependence of the reflection (transmission) coefficient on the layer param-
eter p, R = R(p). Then the relative errors in p and R, fR = oIRI/IRI,fp = op/p, are related 
by 
(7) 
where XR,p is the sensitivity of R to pj it is defined as: 
(8) 
If XRp « 1, then amplification of error occurs. Thus, the sensitivity parameter is a good 
indic~tor of inversion stability. This is in line with the intuitive notion that if the reflection 
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Figure 2. a) Normal ultrasonic reflection spectra from the AI(70 {Lm) /Polypropylene(54{Lm) 
/ AI(110 {Lm) laminate and b) corresponding sensitivity curves for ZN, hi and Qi. The proper-
ties of the polypropylene layer are: (). + 2{L) = 5.45 GPa, {L = 1.23 GPa, p = 0.99 g/cm3, h = 
0.054 mm, Vi = 2.35 km/sec, Vi = 1.11 km/sec, Qf = 0.023, Qt = 0.060. Wave incident from 
the 70 {Lm Al foil side. 
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Figure 3. a) 200 ultrasonic oblique reflection spectra from AI(70 J-Lm) /Polypropylene(54J-Lm) 
/ AI(110 J-Lm) laminate and b) corresponding sensitivity curves for hOf' hOt, and Qt. Polypropy-
lene properties are the same as in Fig. 2. Wave incident from the 110 {Lm Al foil side. 
(transmission) coefficient is weakly dependent on one of the layer parameters, this parameter 
is difficult to find from the reflection (transmission) coefficient measurement. 
Selection of the Frequency Range 
For efficient determination of the bonding layer properties, it is important to perform 
measurements in the frequency range with higher sensitivity of the reflection coefficient to 
the layer properties. Fig. 2a shows a calculated spectrum of the reflection coefficient at nor-
mal incidence; Fig. 2b shows corresponding sensitivity curves for the nondimensional param-
eters ZN, hand Qi. The first reflection minimum(Fig. 2a) at about 5MHz is deeper than 
the minima at 21 and 30 MHz and therefore has the highest signal to noise ratio. From the 
sensitivity curves in Fig. 2b, one finds that the first reflection minimum also has the highest 
sensitivity for ZN, h and Qt. Therefore the frequency range from 3 to 8MHz is selected for 
normal incidence measurements. The calculated reflection spectrum at 20° oblique incidence 
and corresponding sensitivity curves are shown in Fig. 3a and 3b. The frequency range from 
13 to 23 MHz is selected as the oblique incident measurement frequency range. 
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Figure 4. a) Spectra of ultrasonic signal reflected from the AI/PP / Al laminate at normal in-
cidence and b) change of the depth of minima at different longitudinal attenuation af. 
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Figure 5. Spectra of ultrasonic signal reflected from the Al(73/lm)/PP(46/lm)/ Al(118/lm) 
laminate at 20° oblique incidence. 
EFFECT OF THE SIDE OF ULTRASONIC WAVE INCIDENCE 
It was found that for the laminate with top and bottom substrates of different thick-
ness, the reflection minimum depth depends on the sample side irradiated by the incident 
beam. This is similar to the effect described in[17] for the layer bonded by two different semi-
infinite substrates. As an example, the experimental results and calculation for a AI(73 J-lm)/ 
PP( 46 /lm)/ AI(118 J-lm) laminate system are shown in Fig. 4a for normal incidence. The first 
resonance is much deeper for the case of beam incidence from the thinner foil side than from 
the thicker foil side. The reflection minimum is caused by destructive interference of the sig-
nals reflected from each layer. The effect of the PP layer attenuation on the minimum depth 
at first resonance for incidence from the different sides of the sample with different foil thick-
ness and for the sample with identical top and bottom foils is shown in Fig. 4b. The layer 
attenuation for deepest minimum is called the critical attenuation[17]. For a laminate with 
identical aluminum foil thickness, the minimum depth decreases monotonically when atten-
uation increases. To improve signal to noise ratio for normal incidence measurements, we 
select the wave to be incident from the thin foil side. 
Fig. 5 gives reflection spectra for an ultrasonic beam incident at 20° from different sides 
of the laminate. In the frequency range 13 to 23 MHz, the reflection minima are much more 
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pronounced for the case of beam incidence from the thicker foil side than from the thinner 
foil side. The reverse effect occurs at higher frequencies (25 to 37 MHz) where deeper minima 
occur for incidence from the thinner foil side. However in this frequency range lower signal 
to noise ratio is observed in our experimental conditions and for the oblique incidence case 
we select the measurement frequency range 13 to 23 MHz with the beam incident from the 
thicker foil side. 
STABILITY OF INVERSION ALGORITHM TO SCATTER IN EXPERIMENTAL DATA 
To analyze the possible errors in the reconstruction of the bonding layer parameters, 
we studied the stability of the inversion algorithm. A set of polymer film properties ('orig-
inal set') is used to generate numerically synthetic reflection spectra at normal and oblique 
incidence. The spectra are overlapped with a typical transducer spectrum. A backward FFT 
procedure is used to calculate the corresponding synthetic time-domain signal. Next, differ-
ent levels of random noise are introduced into the time-domain signals to simulate possible 
experimental noise. A forward FFT procedure is applied to the 'noisy' time-domain signals 
and deconvolved with the transducer spectrum to obtain synthetic 'noisy' reflection spec-
tra. These spectra are used to determine the elastic constants by the nonlinear least-square 
optimization method discussed previously. The spectral data from the frequency ranges de-
termined by the sensitivity analysis are used for reconstruction. 
Due to the introduced noise the reconstructed set of polymer film properties is not ex-
actly equal to the original set. It is compared to the original set to study the effects of the 
noise level. For each noise level the procedure is repeated 400 times, the reconstructed pa-
rameters (dimensional and nondimensional) are normalized to the original value and the av-
erage p and standard deviation fp are calculated for the normalized values. 
The spectral data from the frequency ranges determined by the sensitivity analysis are 
used to investigate the stability of the inversion algorithm to the scatter in the experimental 
data. Table 1 summarizes the reconstructed non-dimensional and dimensional parameters 
for 1% noise level. It compares the reconstructed results of thin substrate(laminate) with 
the results for a layer between semispaces [13]. One sees that at the same noise level of 1%, 
the errors of the parameters determined for the polymer film between the thin foils are larger 
Table 1. Average values and standar'd deviations of the normalized parameter reconstructed 
from simulated 'noisy' spectra with 1% noise levels. Angle of oblique incidence is 20° for thin 
foil laminate case and 17° for semispace substrates case. Data for the semispace substrates 
case come from reference [13J. Original values of the dimensional parameters for polypropy-
leneare: (..\+211)° = 5.45GPa,l1° = 1.23 GPa, pO = 0.99g/cm3,ho = 0.054mm, Vio = 
2.35 km/sec, Vio = 1.11 km/sec, a~ = 0.023, a~ = 0.060. Thin Al foil thickness=70 11m, thick 
Al foil thickness=110 11m. 
II Sample laminate I semispace substrates II 
ZN/Z~ (EZN ) 0.997 (2.3%) 1.000 (0.4%) 
- .,.-() 
hdh£ (fh ) 0.997 (2.1%) 1.000 (0.0%) 
.,.-() 
hod ho£ (fho,l 0.995 (4.2%) 1.000 (0.1%) 
- .,.-() 
hOt / hOt (fhB,l 1.001 (0.8%) 1.000 (0.1%) 
( ;:;;0) (f>+2,J 1.001 (2.9%) 1.000 (0.4%) 
11/110 (Ell) 0.994 (3.4%) 1.000 (0.4%) 
p/po (fp) 0.996 (7.6%) 1.001 (0.7%) 
h/h,o (EiI) 1.001 (3.0%) 1.000 (0.5%) 
Vi/V;o (EV.) 1.005 (5.2%) 1.000 (0.5%) 
vt/Vio (ElIt) 1.004 (2.1%) 1.000 (0.4%) 
ada~ (Eo) 1.000 (0.7%) 1.001 (1.0%) 
at! a~ (Ea,) 1.005 (2.6%) 1.005 (1.3%) 
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Figure 6. Experimental and theoretical reflection spectra of the AI/PP / Al laminate sample 
A at a) 0° incident from thin foil side and b) 20° incident from thick foil side. 
than those of the polymer between the semi-infinite substrates. This is because the multiple 
reflections in the thick substrate can be separated from the interface reflection, and only the 
effect of wave interference in the polymer layer is measured. On the other hand, for the lam-
inate case, the wave interference in thin foil substrates and polymer layer is coupled and the 
polymer layer properties are reconstructed from the reflection spectrum of the whole lami-
nate with less precision. Despite the larger enors for the laminate case, the enor is within a 
few percent for the 1% noise level which is reasonable for many practical cases. 
EXPERIMENT 
Sample Preparation Procedure 
A typical laminate structure is bonded by a heating and pressuring process using poly-
propylene as the bonding material(usually the polypropylene layer is coated on one of the 
aluminum foils). We simulated the heating and pressuring process in our sample prepara-
tion. Two kinds of aluminum foils (4x4 cm) were used in preparation. One is 110 JLm Al foil 
coated with polypropylene layer. The other is 70 JLm Al foil. Two aluminum foils were put 
together with the polypropylene layer between the two aluminum foils. They were heated to 
220°C in 10 minutes under pressure 3MPa. Then the pressure was released and the laminate 
cooled down slowly to the room temperature. Two kinds of samples were prepared. Sample 
A has different substrate thickness, 70 JLm Al foil/56 JLm polypropylene/110 JLm aluminum 
foil. Sample B has the same substrate thickness, 114JLm aluminum foil/67 JLm polypropy-
lene/114JLm aluminum foil. 
Bonding Layer Properties Determination for the Laminate Samples 
Fig. 6a and b are the experimental results for the prepared thin foil laminate sample 
A. The frequency range used for normal incidence measurement is 2.8 to 5.7MHz. The fre-
quency range used for oblique measurement is 13 to 23 MHz. Nondimensional parameters 
Z N, hand al are obtained from the normal measurement data. Then they are used as known 
parameters in determination of three other nondimensional parameters hop, hot, and at from 
oblique data. The six dimensional parameters then are calculated from these nondimensional 
parameters(Eq. (3)-(4)). Table 2 gives the reconstructed properties for both sample A and 
B. One sees that for samples prepared at the same conditions but with different substrate 
geometry(thickness) the reconstructed polypropylene properties agree with each other very 
well. The directly measured thickness of the polypropylene layers also agrees with the ultra-
sonic measurement results. 
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Table 2. Reconstructed properties of the polypropylene(PP) layer in the laminate sample 
A(70 J-Lm Al/54J-Lm PP /110 J-Lm AI) and sample B(114j1m Al/67 J-Lm PP /114 j1m AI). The 
thickness in brackets is measured directly by micrometer. 
CONCLUSIONS 
This paper describes experimental and theoretical study of an ultrasonic method for 
determination of the properties of a polymer layer inside a foil laminate (thickness less than 
the ultrasonic wavelength). The method allows simultaneous determination of all properties 
- thickness, density, longitudinal and shear elastic moduli and attenuations - from two 
measured reflection spectra: one at normal and one at oblique incidence. The sensitivity of 
the reflection spectrum to the individual properties and the stability of the inversion method 
against experimental noise are studied. Based on the sensitivity analysis, measurement fre-
quency ranges were selected(3-8 MHz for normal incidence, and 13-23 MHz for oblique in-
cidence). It is shown that the polymer properties can be reconstructed from the laminate 
reflection spectrum with less precision than those determined for the layer bonded by semi-
infinite substrates. Despite the larger errors for the laminate case, the error is within a few 
percent for the 1% data scatter which is reasonable for many practical cases. It is found that 
the depth of the reflection spectrum minimum depends on the side of ultrasonic beam inci-
dence and thus affects the precision of the properties determination. For the structure stud-
ied the measurements were performed from the thin Al foil side for normal incidence and 
from the thick Al foil side for oblique incidence. The application of the proposed ultrasonic 
method is demonstrated for experimental determination of the properties of a polypropylene 
layer between thin Al foils. 
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